The nuclear spin-rotation (NSR) and absolute nuclear magnetic resonance (NMR) 
Introduction
Until recently, [1] [2] [3] it has been assumed that the absolute nuclear magnetic resonance (NMR) shielding constant can be estimated indirectly from the nuclear spin-rotation (NSR) constant, an approach experimentalists have been using for many years. The assumption was that the electronic contribution to the NSR constant C el K,iso could be directly related to the paramagnetic contribution to the absolute shielding constant s para K,iso and then added to a calculated diamagnetic contribution s dia K,iso 4-7 to estimate s K,iso , as shown for example in eqn (1) for diatomic molecules: 
where s dia,FA K is the NMR shielding constant of the free atom K (in ppm); m p and m e are the proton and electron masses, respectively; g K is the nuclear g factor of the K'th nucleus; B r ( h/(4pI > )) is the molecular rotational constant (in MHz); h is the reduced Plank's constant; I > is the perpendicular component of the moment of inertia; C nuc K,iso and C el K,iso are nuclear and electronic contributions to the isotropic NSR constant (C K , in kHz), respectively. Similarly, the span of the shielding tensor for a diatomic molecule (which is a measure of the asymmetry of the electron density surrounding the nucleus) has been approximated from the experimental NSR constant using eqn (2) :
where s K, 8 and s K,> (in ppm) being the components of the shielding tensor parallel and perpendicular to the molecular axis, respectively. These approaches have shortcomings due to missing relativistic corrections. 1, 3, [8] [9] [10] [11] [12] Nevertheless, absolute shielding constants and spans for many nuclei have been reported using these approaches. As have already been noted, 3, [10] [11] [12] the approach may give reasonable results only for very light nuclei (in a molecule composed of very light atoms) where relativistic effects are small (see for instance ref. [13] [14] [15] and references therein). The results for heavy nuclei estimated using eqn (1) and (2) are inaccurate due to the neglected relativistic corrections.
(as implemented, for example, in the ReSpect 19 and DIRAC 20 program packages) and in some cases the two-component spin-orbit zeroth-order regular approximation (SO-ZORA) (as implemented in the Amsterdam density functional, ADF 21 ) in order to obtain reasonable results. Approaches employing the relativistic Hamiltonian are currently based on density functional theory (DFT). Although DFT is a powerful and elegant method of calculation, it has shortcomings since approximations are required for the exchange-correlation energy functional. The lack of relativistic corrections in most of the currently available quantum chemical packages is also another limitation. One can reduce these shortcomings only by combining the relativistic corrections obtained from non-relativistic and four-component relativistic DFT calculations with those obtained from highly accurate non-relativistic coupled-cluster calculations. For instance, good agreement between the NSR constants obtained using this scheme and the experimental values for various molecules have been reported. [10] [11] [12] 22, 23 In this paper, the NSR and NMR absolute shielding tensors of the monoselenides and monotellurides of silicon, germanium, tin and lead (X 77 Se and X
125
Te where X = 29 Si, 73 Ge, 119 Sn and 207 Pb) with the ambition that the results will be used for future benchmarking of theoretical methods. These molecules are also interesting since their bulk materials are narrow band-gap semiconductors used in opto-electronic and semiconductor applications [24] [25] [26] and hence the results presented in this study are useful for improving our understanding of their molecular properties. As such, attention was given to obtain good agreement between the gas-phase experimental and the calculated NSR tensors and thereby determine the absolute shielding tensors of all nuclei using the same computational approach. The full four-component relativistic and coupled-cluster singlesdoubles with perturbative triples corrections (CCSD(T)) approaches were used to determine these highly accurate results. Experimental gas-phase studies showed that all molecules are closed-shell linear molecules with 1 S + ground states. However, the CCSD(T) calculations in this study predicted closed-shell 1 p singlet ground states.
For all the molecules, experimental gas-phase NSR constants were reported by Grabow and co-workers. [27] [28] [29] [30] Following the same approach as in previous studies, 11, 12, 16 the nonzero component (not the trace) of the NSR tensors are reported. In addition, the signs of the experimental NSR constants were changed either to (+) or (À) based on the signs of the calculated values in this work to be consistent with the sign convention used by Flygare. 
Computational details
The highly accurate non-relativistic coupled-cluster singles-doubles with perturbative triples corrections CCSD(T) results for the NSR and NMR absolute shielding tensors were obtained using the coupled-cluster analytic linear response methods, developed by Gauss and Stanton 31, 32 and implemented in the CFOUR program package. 33 The code has been modified locally to include the g factors for the heavy nuclei. Fully uncontracted double-z polarized Douglas-Kroll-Hess (denoted as unc-DZP-DKH) basis sets [34] [35] [36] were used in one set of calculations, and the uncontracted atomic natural orbital-relativistic correlation-consistent basis sets (denoted as unc-ANO-RCC) 37 were used in another set of calculations. 47 and core-valence quadruple-z (cv4z) 47 basis sets. The corresponding non-relativistic DFT results, used for the analysis of relativistic effects, were obtained using BP86 and B3LYP functionals and the cv4z basis sets. The gauge-including atomic orbitals (GIAOs 49, 50 ) were employed to ensure origin independence for the absolute shielding constant calculations, while the common gauge-origin (CGO) approach 45 was used for the NSR constant calculations using the ReSpect program. It is important to note that rotational London orbitals (RLOs) facilitate the basis set convergence for the calculation of NSR constants. However, these have not yet been implemented in ReSpect and hence large uncontracted all-electron basis sets were used to determine the relativistic corrections to the NSR constants. The basis set convergence study (vide infra) also shows wellconverged CGO results. Relativistic and non-relativistic shielding calculations using the CGO approach were also performed for the purpose of analysis.
The scalar relativistic effects in the four-component calculations of NMR absolute shielding and NSR constants were calculated following the procedures used in ref. 16 , 51 and 52. The scalar relativistic corrections were calculated as differences between the results obtained from calculations performed by removing the spin-orbit (SO) effects and the corresponding non-relativistic results. Similarly, the SO contributions to the NMR absolute shielding and NSR tensors were calculated as differences between the full four-component results and those with SO effects removed. 16, 51, 52 Calculations of NMR absolute shielding constants were also performed using the two-component spin-orbit zeroth-orderregular approximation (SO-ZORA) 53 Experimental geometries were reported for different isotopes of all the molecules. However, for the purpose of consistence and direct comparison, the isotopically independent Born-Oppenheimer experimental equilibrium bond lengths (r BO e ) of r e (Si-Se) = 2.05828249 Å, r e (Si-Te) = 2.27354785 Å, r e (Ge-Se) = 2.13460287 Å, r e (Ge-Te) = 2.34014248 Å, r e (Sn-Se) = 2.32559945 Å, r e (Sn-Te) = 2.52281737 Å, r e (Pb-Se) = 2.402308 Å and r e (Pb-Te) = 2.595065 Å were used for all calculations, all taken from the studies of Grabow and co-workers. 27 Pb) molecules are presented in Table 1 . For all molecules, basis set dependence is found to be very small and converged results are obtained using cv3z basis sets. However, the larger cv4z basis set was used in all the other calculations to obtain accurate NSR constants. In the same table, the results obtained with the B3LYP functional and the cv4z basis set are also compared to the BP86 results. The largest difference between the BP86 and B3LYP results is for C(Pb) in PbSe (6%) and C(Pb) in PbTe (5%).
In Table 2 , non-relativistic results from HF, CCSD(T) and DFT calculations together with the four-component relativistic DFT results are presented. As the atoms become heavier, the non-relativistic methods underestimate the magnitude of the NSR constants. This is most pronounced for the lead nuclei. For instance, C(Pb) in PbSe calculated using NR/BP86 and CCSD(T)/ unc-DZP-DKH are respectively À21.565 kHz and À18.312 kHz, whereas that calculated using DKS/BP86 is À52.981 kHz (E146% change with respect to NR/BP86). For the Se and Te nuclei, with the exception of C(Te) in SiTe and GeTe (which show a 9% change between NR/BP86 and DKS/BP86), such big changes are not observed. When we compare the HF and CCSD(T) results, we also see that HF overestimates the NSR constants compared to the other NR approaches. In other words, the CCSD(T) results always lie in the bottom line of all the HF results. From Table 2 , one can also see that correlation effects [CCSD(T)-HF] are important. For instance, the correlation effect for C(Ge) in GeTe is À0.509 kHz (a 30% change), whereas it is 0.417 kHz for C(Se) in PbSe (a 5% change), see Tables 2 and 3. The differences between the CCSD(T) results using the unc-DZP-DKH and unc-ANO-RCC basis sets show very small basis set dependence. However, considering the size of the basis sets, the CCSD(T) results obtained using the latter basis set should be more accurate.
The relativistic corrections obtained from the two DFT functionals are listed in Table 3 . Large relativistic corrections to the NSR constants are observed for lead in PbSe and PbTe compared to the other molecules. For instance, the relativistic correction calculated using the BP86 functional contributes to 15% of the total NSR constant of Ge in GeTe, but 28% for C(Sn) in SnTe and 64% for C(Pb) in PbTe. The B3LYP calculated results also show similar trends for the relativistic effects. For the C(Sn) and C(Pb) NSR tensors in all molecules, relativistic effects are more important than electron correlation effects. For example, the electron correlation effect on C(Sn) in SnSe is À5.650 kHz, whereas the BP86 relativistic correction is 8.486 kHz (see Table 3 ).
The results listed in Table 3 also show that CCSD(T) gives NSR constants of Ge in GeSe and GeTe with an approximate errors of 6% and 9% compared to the corresponding experimental values, whereas the error increases to 22% and 29% for C(Sn) in SnSe and SnTe, respectively. For C(Pb) in PbSe and PbTe, CCSD(T) underestimates these results by approximately 61% and 60%, respectively, compared to the experimental values as well as the final NSR results determined by adding the relativistic corrections (DC(rel)), obtained from DFT calculations, to the CCSD(T) calculated values. These analyses show the importance of combining the CCSD(T) and four-component relativistic DFT methodologies to obtain reasonably good results that can be compared to experimental values. With the exception of C(Pb) in PbTe (which show an error of 13%), all the final calculated NSR constants are in quite good agreement with the corresponding gas-phase experimental NSR constants. The most impressive final results are those of tin and lead where the errors of these final results are significantly reduced compared to the errors of the results obtained from the pure CCSD(T) and DFT calculations, indicating that the scheme followed in this study is a powerful remedy for these kinds of calculations. We have previously also employed this scheme to determine a The unc-DZP-DKH basis set was used.
b The Dyall-cv4z basis set was used.
c The unc-ANO-RCC basis set was used; not calculated for PbTe due to a large number of electrons. Table 3 Relativisitc corrections, estimated correlation effects, and final calculated values for the NSR constants (C, in kHz) of nuclei in XSe and XTe (X = Si, Ge, Sn and Pb) molecules together with the experimental values Table 2 ). b DC(rel 1) is the difference between DKS and NR results using BP86/cv4z (see Table 2 ).
c DC(rel 2) is the difference between DKS and NR results using B3LYP/cv4z (see Table 2 ). d unc-ANO-RCC (unc-DZP-DKH for PbTe) basis sets (see Table 2 ).
e Total 1 is the sum of DC(rel 1) and the CCSD(T) calculated values. the NSR constants of 47 nuclei in 22 molecules. [10] [11] [12] 16, 22 All these studies point to the need for relativistic coupled-cluster methods for the calculation of magnetic properties.
NMR shielding constants
A basis set dependence study of the absolute shielding constants are presented in Table 4 . For all nuclei, with the exception of s(Te), there are considerable differences between the double-z results and those obtained using other basis sets. As the size of the basis sets increase, the results become more stable showing convergence to the basis set limit. Hence, the larger cv4z basis set was used for the remaining calculations of the absolute shielding tensors. This is important especially for the results calculated using B3LYP employing the CGO approach. Similarly, the all-electron QZ4P basis set was also used for the calculations performed in ADF. The absolute shielding constants obtained using different methods are listed in Table 5 . Comparing the NR results obtained from both the coupled-cluster and DFT calculations shows that none of the NR methods give close results among each other for most of the molecules. The results obtained using the BP86 and B3LYP functionals show that the dependence of s(Te) in all molecules is small compared to the other nuclei, whereas considerable dependence on the functional as well as the Hamiltonian is observed for the other nuclei. This dependence is most pronounced for s(Pb). For example, s(Sn) in SnTe calculated using DKS/BP86 À241.4 ppm and using DKS/B3LYP is À486.8 ppm, and s(Pb) in PbTe using DKS/BP86 is À2943.3 ppm and using DKS/B3LYP is À4173.0 ppm. Test calculations for these two nuclei using DKS/PBE also show considerable differences from the above results. One may suspect slower basis set convergence (since the B3LYP results are obtained employing CGOs), however, the results listed in Table 4 (compare the last two rows) show that the results obtained employing the CGO and GIAO approaches do not show big differences. Moreover, additional calculations using DKS/B3LYP were also performed by putting the gauge-origin on tin and lead atoms. The results obtained in this case for Pb in both PbSe and PbTe do not show considerable differences, for instance s(Pb) and s(Te) in PbTe when the gauge-origin is on Pb are À4171.1 and 1474.5 ppm, respectively (to be compared with À4173.0 and 1491.8 ppm, respectively, when the gauge-origin is at the center of mass). Similarly, s(Sn) and s(Te) in SnTe calculated by putting the gauge on Sn are À473.3 and 1390.3 ppm, whereas those calculated by putting the gauge-origin at the center of mass are À486.8 and 1399.2 ppm, respectively.
The two-and four-component results listed in Table 5 show that the two Hamiltonians give very different results, especially for the heavier atoms. For instance, s(Te) in SnTe using SO-ZORA/BP86 is 857.8 ppm and using SO-ZORA/B3LYP is 894.5 ppm, whereas those calculated using DKS/BP86 and DKS/B3LYP are 1415.7 ppm and 1399.2 ppm, respectively. It is important to note that one may improve (but not always) the SO-ZORA results by introducing dispersion correction 57 to the functional. For instance, s(Sn) and s(Te) calculated using SO-ZORA/BP86-D3/QZ4P are À283.9 ppm and 757.5 ppm, respectively. If we take the DKS/BP86 results as benchmarks, we see that the former shows improvement and that of Te gets worse compared to those obtained using SO-ZORA/BP86. In Table 6 , the paramagnetic and diamagnetic contributions to the shielding tensors are presented together with the corresponding values of the paramagnetic contributions determined from the electronic contribution to the NSR tensors. From the results we see that the paramagnetic contribution to all nuclear shielding tensors obtained from the direct calculations of the absolute shielding tensors are the same as to those derived from the electronic contribution to the NSR tensors in the nonrelativistic theory. For example, C el,iso (Pb) in PbTe calculated a The unc-DZP-DKH basis set was used.
b The Dyall-cv4z basis set was used together with the GIAO approach. c The Dyall-cv4z basis set was used together with the CGO approach.
d The unc-ANO-RCC basis set was used; not calculated for PbTe due to a large number of electrons. e The allelectron QZ4P basis set was used together with the GIAO approach.
using NR/BP86 is À8043.7 ppm, and s para,iso (Pb) in the same molecule obtained using NR/BP86 is À8043.7 ppm. This is because the magnetic and angular momentum operators have the same form in the non-relativistic theory. 1,2 On the other hand, there is no agreement between C el,iso and s para,iso in the four-component relativistic calculations. In the four-component relativistic theory, the magnetic and angular momentum operators are different since the magnetic momentum operator couples the large and small components of the wave function, whereas the total angular momentum operator does not. 1, 2, 16 This makes Table 6 Comparison of the calculated electronic contributions to C, paramagnetic contributions to s, diamagnetic contributions to s, shielding spans (O) and the perpendicular component of the isotropic C for nuclei in XSe and XTe (X = Si, Ge, Sn and Pb) (all in ppm). the paramagnetic contribution obtained from the four-component relativistic calculations to be different from the one derived from the electronic contribution to the NSR tensors. The difference becomes large as the nuclei become heavier. For instance, the values of C el,iso (Ge) and s para,iso (Ge) in GeSe calculated using DKS/BP86 are À2962.9 ppm and À2740.5 ppm, respectively (a difference of 222.4 ppm), but for Pb in PbTe these values are À20078.0 ppm and À13624.0 ppm, respectively (a difference of 6454 ppm).
The correlations between the paramagnetic contributions from direct calculations of the absolute shielding tensors and the electronic contributions to the NSR tensors are shown in Fig. 1 . Surprisingly, the trends show a periodic behavior. For example, the difference between C el,iso and s para,iso of Ge and Se (which are both in period 4 of the periodic table) in all the molecules lie within the 222-270 ppm range. Similarly, these differences for Sn and Te (both in period 5) are within a range of 972-1125 ppm (see Table 6 and Fig. 1 for details) . Additional test calculations were also done for SnPo and PbPo. The results show that these differences for Pb and Po lie within the range of 6320-7500 ppm. From Fig. 1 , one can also see that the differences between C el,iso and s para,iso (also they refer to the relativistic corrections to the shielding tensor) are atomic in nature. For instance, the difference between C el,iso and s
of Te in all molecules is 1125 ppm (1110 ppm in PbTe), indicating that the difference is independent of the nature of the atom bonded to tellurium. These differences also indicate that the absolute shielding scales determined indirectly from experimental NSR constants are off by the above numbers for the respective nuclei, keeping in mind that the diamagnetic contributions are obtained using appropriate shielding calculations. Further studies using perturbation analysis are underway in our group to investigate the validity of these differences. 58 The relativistic corrections, electron correlation effects and final calculated absolute shielding constants are presented in Table 7 , together with the previously determined values from experimental NSR tensors. The relativistic correction, the differences between the DKS and NR results, that is obtained from both functionals increase as the atoms become heavier. The effect of the heavy atom on the neighboring nucleus can also be seen from Table 7 . For instance, the relativistic correction for s(Sn) in SnSe calculated using BP86 is À189.4 ppm, whereas that in SnTe is À644.4 ppm. Similarly, the relativistic correction calculated using BP86 for s(Te) is 781.5 ppm in GeTe, 815.3 ppm in SnTe and 1033.7 ppm in PbTe, showing the effect of the neighboring atoms on the absolute shielding constant of tellurium.
With the exception of the nuclei in PbSe and PbTe, the final absolute shielding constants obtained by adding the CCSD(T) calculated results to the Ds(rel) values obtained from BP86 and B3LYP are in good agreement with each other (see Table 7 ). On the other hand, with the exception of a very few nuclei, the previously reported absolute shielding constants obtained indirectly from NSR constants are in disagreement with the values determined in this work. As already pointed out in earlier studies, 3, [10] [11] [12] 45, 59 the indirect determination of absolute shielding constants from NSR tensors leads to inaccurate results due to the missing relativistic corrections to the shielding Fig. 1 Comparison of the paramagnetic contribution to the absolute shielding constants (s para,iso , the circles) and the electronic contribution to the NSR constants (C el,iso , the squares) of XSe and XTe (X = Ge, Sn and Pb) molecules: calculated using DKS/BP86/cv4z. The corresponding values for Si in SiSe and SiTe are both 16 ppm, whereas for Se in SiSe is 271 ppm and for Te in SiTe is 1125 ppm. Tables 5 and 7 ). The difference is most pronounced for the heavy nuclei, see for instance s(Pb) in Table 7 and  Table S1 of the ESI. † In addition, the diamagnetic contribution used in ref. [27] [28] [29] [30] are not accurate enough to estimate the absolute shielding constants. For example, s dia (Sn) in SnSe in ref. 29 is 6203 ppm, whereas 5236.8 ppm at the DKS/BP86/cv4z level in this work (see Table 6 ). Test calculations using DKS/ BP86/cv4z for the free Sn atom gives a s In some molecules there appears to be good agreement between the results calculated in this work and previously estimated values (see Table 7 ). This is mainly due to error cancellations between s dia and s para as there are errors in s dia used in the earlier studies due to method inaccuracies and the missing relativistic corrections from s para determined from the experimental C el . For example, in Table 6 it is shown that s para (Sn) in SnSe determined from the experimental C el is À4912 ppm, whereas s para (Sn) calculated using DKS/BP86 is À4531.6 ppm (Ds para of À380.4 ppm), and s dia (Sn) used in ref. 29 is 6203 ppm and that obtained in this work is 5236.8 ppm (Ds dia of 966.2 ppm), causing a net error cancellation of the two contributions. Considering the levels of calculations used, the final absolute shielding constants of all nuclei reported in this study should be accurate. Based on the results obtained from different functionals and basis sets, accuracy ranges are also estimated for all the studied nuclei (see Table 7 ).
tensors (see

NMR shielding spans
Calculated shielding spans are presented in Table 8, Tables S1  and S2 of the ESI. † The relativistic effects on the shielding spans increase as the nuclei become heavier, compare for example DO(rel1) of Ge, Sn and Pb in the corresponding selenide molecules. Relativistic effects are the largest contributions to the span for the lead nuclei in both PbSe and PbTe. For instance, it contributes 18% to the total DKS/BP86 calculated O(Ge) in GeTe, 34% to O(Sn) in SnTe and 68% to O(Pb) in PbTe. The relativistic effects obtained from the two functionals show the largest difference for the span of lead in PbSe and PbTe (11% and 10%, respectively). The effect of the heavy atoms on light atoms (HALA) is another interesting observation from the table. For example, tellurium affects stronger than selenium when we compare the germanium molecules; O(Ge) in GeSe calculated using DKS/BP86 is 4477 ppm, while that in GeTe is 5533 ppm. The same is also true for the span of Te when comparing GeTe, SnTe and PbTe, of which lead causes the strongest HALA effect (a difference of 932 ppm between the relativistic correction for the span of Te in SnTe and PbTe at the DKS/BP86/cv4z level).
With the exception of PbSe and PbTe, the shielding spans obtained using the SO-ZORA and DKS methods do not show considerable differences (the maximum difference is 10% for O(Sn) in SnTe). SO-ZORA/BP86 underestimates O(Pb) by 20% in PbSe and by 27% in PbTe compared to DKS/BP86. In Table 6 , the shielding spans determined from the calculated NSR constants and those derived from direct absolute shielding constant calculations are reported. The results show that in the nonrelativistic domain, the spans are in perfect agreement with each other. However, there are considerable differences between those obtained in the four-component relativistic calculations. Table 5 ). b Ds(rel 1) is the difference between DKS and NR results using BP86/cv4z (see Table 5 ).
c Ds(rel 2) is the difference between DKS and NR results using B3LYP/cv4z (see Table 5 ). d unc-ANO-RCC (unc-DZP-DKH for PbTe) basis sets (see Table 5 ).
e Total 1 is the sum of Ds(rel 1) and the CCSD(T) calculated values. For instance, the NR/BP86 results of O(Sn) in SnSe are 6279.6 ppm and À6271.0 ppm, for the value obtained from the direct calculation of the shielding constant and that determined from the calculated NSR constant, respectively. The values obtained from the DKS/BP86 calculations for the same nucleus are 8695.6 ppm and À8130.2 ppm, respectively (see Table 6 ). Such differences are huge for O(Pb) in PbSe and PbTe, indicating that using the equation relating the shielding span and NSR constant (eqn (2)) leads to unrecoverable errors for heavy atoms where spin-orbit coupling is prominent. The correlation diagram between the span obtained from these two approaches is shown in Fig. 2 . The correlations shows that the error becomes larger as the nuclei become heavier, see for instance the plot for Se in GeSe and in PbSe where the difference is smaller compared to the other nuclei, whereas it is large when we compare Ge, Sn and Pb.
The previously reported shielding spans collected in Table 8 are determined from the experimental NSR constants. [28] [29] [30] The equation relating the span and NSR tensors (eqn (2)) works perfectly in the non-relativistic and scalar relativistic domains, whereas for very heavy nuclei, the relation breaks down due to the considerable spin-orbit coupling. We also see these effects in Table 8 where the non-relativistic spans are in relatively good agreement with those derived from the experimental NSR constants for the light atoms. For instance, the NR/BP86 values for Ge in GeTe is 4510 ppm and the previously determined value is 4514 ppm. Also for Te in PbTe, the NR/BP86 value is 7266 ppm which is in fair agreement with the previously reported value of 7172 ppm (see Table 8 ). However, the differences become large as the nuclei become heavier. For instance, the NR/BP86 calculated value of O(Pb) in PbTe is 11 900 ppm, whereas that derived from the experimental NSR constant is 25 306 ppm and the DKS/BP86 result is 37612 ppm. This difference is mainly due to the large spin-orbit coupling in PbTe.
In Table S1 of the ESI, † a comparison of the scalar and SO contributions to the span of all nuclei are presented. In the NR theory, the span derived from the perpendicular and parallel components of the shielding tensors and those derived from the electronic contribution to the calculated NSR constants are identical. This is in line with our expectation since eqn (2) does not consider relativistic effects. However, surprisingly, the values calculated in the presence of only scalar relativistic effects are also similar, indicating that eqn (2) is also valid in the absence of SO effects. The situation is completely different when SO effects are included, making eqn (2) invalid (see O and C iso > of all nuclei calculated using the different methods in Table 6 and Table S1 of the ESI †). For instance, O and C iso > of Pb in PbTe calculated using NR/BP86 are 11900.0 and À11889.4 ppm, and those using SC/BP86 are 16640.1 ppm and À16618.0 ppm, whereas those calculated using DKS/BP86 are 37812.2 ppm and À29940.5 ppm, respectively. These analyses indicate that the previously estimated shielding spans from the experimental NSR (C > ) constants do not represent the nuclei studied (especially the heavy ones) due to the missing relativistic corrections. This can be explained using the modified version of eqn (2) 
where the superscript ''rel'' indicates the relativistic contribution to the corresponding tensor. When all the relativistic corrections are removed, eqn (3) reduces to eqn (2) . Moreover, the net relativistic correction of the span becomes large when Ds
is dominant compared to the other contributions. For instance, Ds para,rel K,> and Ds para,rel K,J for Ge in GeSe are À231.3 ppm and 312.8 ppm, Table 8 Comparison of the calculated shielding spans (O, in ppm) of nuclei in XSe and XTe (X = Si, Ge, Sn and Pb) molecules at different computational levels, relativistic corrections, the final total shielding spans and the previously reported results determined from NSR constants respectively; whereas for Pb in PbTe they are À14216.7 ppm and 11692.9 ppm, respectively, causing a huge relativistic correction for the latter nucleus (see Table S1 of the ESI †). The final shielding spans are determined by adding DO(rel), the difference between the DKS and NR results, to the accurate non-relativistic CCSD(T) results. Unlike the absolute shielding constants, the final results for the spans using the two functionals do not show considerable differences for most of the molecules, with the exception of O(Pb) in PbSe and PbTe which show a very large difference in the results obtained with the two functionals. There is good agreement between the calculated spans and those derived from the experimental NSR constants for the light atoms, whereas the agreement deteriorates as the atoms become heavier. For example, the differences between the final calculated and the experimental results for O(Si) and O(Se) in SiSe are only 2.6% and 1.4%, respectively; whereas the errors for O(Pb) and O(Te) in PbTe are 41% and 24%, respectively. Considering the levels of the calculations and the shortcomings of eqn (2), the final shielding spans presented in Table 8 should be accurate.
Conclusions
In this contribution, the nuclear spin-rotation and absolute shielding tensors of all nuclei in the XSe and XTe (X = Si, Ge, Sn and Pb) molecules, calculated at the non-relativistic (CCSD(T) and DFT) and four-component relativistic DFT levels of theory, are presented. The final calculated results are obtained by adding the difference between DKS and NR results obtained using either BP86/cv4z or B3LYP/cv4z, D(rel), to the non-relativistic CCSD(T) results. The electron correlation effects are more reliably described by coupled-cluster methods than by DFT. Hence, this scheme is used to account for the electron correlation and relativistic effects, giving NSR constants in quite good agreement with the corresponding experimental values.
The relativistic effects on the shielding constants are large compared to the effects on the nuclear spin-rotation constants and shielding spans. The final absolute shielding constants obtained by adding the CCSD(T) calculated results to the Ds(rel) values obtained from BP86 and B3LYP are in good agreement with each other, showing small effects of the functional used to determine Ds(rel). There is good agreement between the calculated spans and those derived from experiment for the light atoms, whereas the agreement deteriorates as the atoms become heavier. In addition, the relativistic effects in O of the light atoms is small, whereas it becomes huge as the atoms become heavier, see Table 6 . For most of the molecules studied, including relativistic effects in the calculations leads to a very significant change of the magnetic properties studied. The difference between the electronic contribution to the spinrotation constant and the paramagnetic contribution to the shielding shows a periodic trend (see Fig. 1 ). Overall, the shielding constants and spans of all nuclei reported in this study should be more accurate than the previously reported values determined from the experimental NSR constants due to the lack of relativistic corrections when employing eqn (1) and (2) . Even though the scheme used in this study is an immediate remedy for these kinds of calculations, the study points to the need for relativistic coupled-cluster methods for the calculation of magnetic properties.
